To minimize the peak sidelobe level (PSLL) of sparse concentric ring arrays, this paper presents an optimization method of grid ring radii of these arrays. The proposed method is based on modified real genetic algorithm (MGA); it makes grid ring radii as optimal variables and makes elements more reasonably distributed on the array aperture. Also, it can improve the PSLL of the sparse concentric ring arrays and can meanwhile control the computational cost. The simulated results confirming the efficiency and the robustness of the algorithm are provided at last.
Introduction
Ring array can provide ring scan, and simply and flexibly manipulate beam position. It also has ideal directional characteristics in the pitch direction; meanwhile, the symmetry of ring structure makes beam shape, antenna gain, and other properties basically stable and can generally maintain a balance of mutual coupling [1] . Because ring array has these advantages, it is being widely used in many applications, but the PSLL of ring array antenna is relatively higher. Under the conditions that the array aperture and the minimum element spacing are fixed, how to optimize element location to minimize PSLL has therefore become an important research topic [2, 3] .
Previous studies mostly focused on the thinned arrays that are formed from turning off some elements in a uniform array [4] [5] [6] [7] . In [8] , genetic algorithm (GA) and particle swarm algorithm are selected to optimize exciting amplitude and phase of thinned concentric array for lower PSLL. In [9] , firstly the number of elements was optimized in a thinned concentric array, and then element location was optimized to obtain optimal performance of SLL. Even though elements of sparse concentric ring arrays have greater degrees of freedom and it can make sparse concentric ring arrays get better sidelobe performance, besides [9] , there has been little research into the synthesis of sparse concentric ring arrays with nonuniform grid rings so far.
In this paper, the grid ring radii of sparse concentric ring arrays are treated as optimal variables to lower the PSLL. Under the design constraints of the array aperture and the minimum element spacing, the MGA is used to optimize the grid ring radii of the sparse concentric ring arrays. Finally, the good sidelobe performance of sparse antenna arrays has been achieved and the computational complexity of the optimization problem has been effectively controlled.
The Optimal Array Model
A ring array is a planar array with elements lying on a circle. If several of these arrays with different radii share a common center, then the resulting planar array is a concentric ring array [9] .
Array factors for the concentric ring array with a single element at the center (Figure 1 ) can be described as [9] ( , V) = 1 Elements are ideal omnidirectional antenna units, each element has uniform amplitude and phase excitation, and direction of main beam of array points toward normal direction of the array. When elements of sparse concentric ring antenna arrays are distributed evenly on grid rings, and the grid ring spacing is nonuniform, the resulting concentric ring array is a sparse concentric ring array [10] . Assuming an element is fixed at the common center of grid rings, we can write array factors for the sparse concentric ring array as
where is the number of elements. When the sparse concentric ring array here has grid rings with radii 0 , 1 , . . . , and has optimization constraints including the array aperture and the minimum element spacing, we treat the radii of grid rings as optimal variables; the optimization goal is to minimize PSLL of the sparse concentric ring array, and thus the optimization is described as
where
where is the number of elements in ring , is element spacing in ring , is the design constraint of minimum element spacing, and FF max is the peak of main beam; the region of and V for which fitness is valid excluding the main beam. When element spacing of each ring is equal to , the number of elements obtains maximum value ∑ =1 2 / + 1; when element spacing of each ring is equal to , the number of elements obtains minimum value ∑ =1 2 / + 1. Since the number of elements must be an integer, the value of must be rounded up or down. To keep ≥ and allow sufficient element spacing, the digits to the right of the decimal point are discarded.
Optimization of Grid Ring Radii Using MGA
In [11] , MGA was proposed to indirectly optimize variables for sparse linear array antenna. In this communication MGA similarly avoids directly describing the optimization variables, that is, the grid ring radii. This technology way can be used to effectively reduce the search space. The main steps of MGA for sidelobe suppression of sparse concentric ring arrays by optimizing the grid ring radii are as follows.
Set Up the Initial Population.
Let the optimal variable R = [ 0 , 1 , . . . , ] act as the individual; it is a real vector. In order to meet the design constraint of minimum element spacing, thus
where 0 = 0, 0 < Δ < /2, 1 ≤ ≤ , and = 0.5 , /(2 + ) < < /2 , where is the design constraint of the array aperture.
In this paper, we assign the population which contains individuals a letter R.
Crossover and Mutation.
If the th and th individuals of population are selected, and single-point crossover is produced at the th gene, then the two new individuals after crossover can be expressed as
If the th gene of the th individual is mutation, the new individual after mutation can be expressed as
where ⊆ (0, 0.5 ), and ≤ | − | < , 0 ≤ ≤ and ̸ = . The number of genes crossover and mutation is determined by the given crossover and mutation rate.
Fitness Calculation.
Filial generation population can be obtained after selection, crossover, and mutation; namely,
As radii and are known, can be expressed as
According to = 2 ( − 1)/ , can be calculated. Thus the element location ( cos , sin V) can be obtained.
The array factors can be calculated by substituting the element location and radii into (2), and (4) can evaluate the fitness of the new individual. If iteration process meets the maximum number of generations, the MGA will end.
The essential steps of the modified GA are summarized in [11] .
Simulation Results
In order to illustrate the effectiveness of this optimization method, this paper gives two examples to compare with sparse arrays obtained in [9] . For this sparse concentric ring array synthesis, basic parameters of MGA are set as follows: population includes 100 individuals; truncation selection (discard bottom 50%); the crossover and mutational rate is 0.2 and 0.02, respectively; the number of generations is 200. Elitism is also employed.
Sparse Concentric Ring Arrays with 8 Grid Rings.
According to [9] , let number of elements = 201, minimum element spacing = 0.5 , and the array aperture = 9.96 . Convergence characteristics are averaged from 5 independent runs. It takes about 1 h 44 min to complete a single trial. Figure 2(a) shows the average, the best, and the worst progress of the radii optimization as the function of the number of generation. Figure 2(b) shows the radiation pattern of the best sparse concentric ring array. The element configuration of the best sparse concentric ring array is shown in Figure 2 (c). The best result and the worst result are presented in Table 1 to contrast with the best result based on hybrid genetic algorithm (HGA) in [9] . Using the same objective function and the number of elements, the best optimization result by the optimization method of grid ring radii is 6.19 dB lower than that of the best result based on HGA in [9] . The simulation results verify that the optimization method of grid ring radii has preferable efficiency, and as shown in Figure 2(a) , the optimization method of grid ring radii has good robustness and convergence characteristics.
Sparse Concentric Ring Arrays with 6 Grid
Rings. According to [9] , let number of elements = 142, minimum element spacing = 0.5 , and the array aperture = 9.4 . Convergence characteristics are averaged from 5 independent runs. It takes about 1 h 10 min to complete a single trial. Figure 2(d) shows the average, the best, and the worst progress of the grid radii optimization as the function of the number of generation. Figure 2(e) shows the radiation pattern of the best result. The element configuration of the best sparse concentric ring array is shown in Figure 2(f) . The best result and the worst result are presented in Table 2 to contrast with the best result by optimizing and in [9] . Using the same objective function, the number of elements and the number of rings, the optimization result by the optimization method of grid ring radii is 0.51 dB lower than that of the best result in [9] . Both the simulations in this paper are completed in MAT-LAB2013 on a PC (Intel (R) Core (TM) i5-4570 processor 3.2 GHz). The following numerical results demonstrate that the optimization method of grid ring radii runs well with great efficiency and considerable stability. Compared with the synthesis technique described in [9] , the proposed method of grid ring radii based on MGA reaches the same goal through different routes.
Conclusion
An optimization method of grid ring radii of sparse concentric ring arrays based on MGA is presented in this paper. Compared with [9] , although the synthesis method presented in this paper is iterative techniques in nature, it can cope with the design constraints of the array aperture and the minimum element spacing, and it uses grid ring radii as optimal variables to make elements more reasonably distributed on the array aperture. Hence, it may be more practical under some special circumstances. This method not only provides useful ways for solving optimization problems of such arrays, but also provides a valuable reference for practical engineering.
